1. Introduction {#s0005}
===============

Acetamide (CAS 60-35-5) is found in a wide range of human foods such as milk, eggs, beef, chicory roots, and roasted coffee beans ([@bb0325]). It is produced during food processing ([@bb0325]), as a metabolite of the pharmaceutical acetohydroxamic acid (AHA, sold as Lithostat®) prescribed to children with bladder infections ([@bb0060]), and endogenously, likely through hepatic metabolism ([@bb0070]). The International Agency for Research on Cancer (IARC) has classified acetamide as a Group 2B possible human carcinogen ([@bb0005]). This classification is largely based on the presence of liver tumors in chronically exposed rats as early as 1 year following initiation of exposure, and a modest increase in malignant lymphomas in male mice at high doses (≥1000 mg/kg/day (mkd) and ≥3000 mkd, respectively) ([@bb0115]; [@bb0355]; [@bb0160]; [@bb0155]; [@bb0125]). While the increased incidence of lymphomas is believed to be due to increased susceptibility to a mouse-specific virus ([@bb0055]), little is known about the relevance of acetamide liver tumorigenesis to human health or its potential mode of action (MoA) in rats.

The genotoxicity of acetamide has been evaluated using numerous *in vivo* and *in vitro* assays, most of which were negative for genotoxicity. The Food and Agriculture Organization of the United Nations and World Health Organization (FAO/WHO) Joint Expert Committee on Food Additives (JECFA) declined to evaluate acetamide as a food flavoring agent in 2005 due to possible genotoxicity suggested by a positive mouse *in vivo* micronuclei (MN) assay reported by [@bb0085] ([@bb0020]). However, those *in vivo* MN assay results could not be replicated, including when it was performed following Organization for Economic Co-operation and Development (OECD) guidelines (TG 471) and GLP standards in both mice and rats ([@bb0250]; [@bb0245]; [@bb0265]; [@bb0110]; [@bb0260]). Additionally, acetamide was not considered to be a mutagen based on the rat *in vivo* Pig-a gene mutation assay ([@bb0260]). Collectively, these studies indicate acetamide is non-genotoxic and the dose-response for tumors should be non-linear.

The non-genotoxic MoA for acetamide has been investigated with little success. [@bb0355] hypothesized that ammonia produced by acetamide metabolism in chronically treated rats was responsible for carcinogenesis. While rats simultaneously fed acetamide and arginine glutamate, shown to prevent ammonia toxicities, did not develop liver tumors, equimolar administration of ammonium citrate also did not produce liver tumors suggesting that ammonia is not related to the MoA. [@bb0125] investigated the bioactivation of acetamide into AHA, a genotoxic metabolite, and incorporation into macromolecules. Using ^14^C-acetamide, \<0.07% of acetamide was converted to AHA in either *in vitro* or *in vivo* models. Furthermore, acetamide did not covalently bind to proteins in primary hepatocytes, though treatment with cycloheximide reduced the level of ^14^C-acetamide and ^14^C-acetate incorporated into a non-extractable fraction suggesting incorporation into intermediary metabolism. Other studies have similarly reported negligible metabolism of acetamide to AHA ([@bb0290]; [@bb0070]). Consequently, the MoA of acetamide remains elusive.

We demonstrated that ammonia fiber expansion (AFEX), an emerging technology that increases the digestibility of crop residues and could improve ruminant livestock health and productivity, produces acetamide as a byproduct that is detectable in milk ([@bb0040]; [@bb0045]). This contamination of milk and other underappreciated levels in foods highlight the need to obtain further information regarding the relevance of rat carcinogenicity findings to human health ([@bb0325]). In the studies reported here, a toxicogenomics approach was used as an alternative strategy to chronic animal bioassays, to support assessments of the point of departure (POD) and attempt to uncover the MoA of acetamide ([@bb0310]; [@bb0065]; [@bb0145]; [@bb0150]; [@bb0015]). In toxicogenomics, differential gene expression is assumed to precede the emergence of apical effects and is considered a sensitive evaluation endpoint, and a powerful alternative for evaluating chemical safety. Proof-of-concept studies, examining ≥45 unique chemical compounds, demonstrate excellent concordance between PODs derived from chronic bioassays and acute/subchronic toxicogenomic evaluations ([@bb0300], [@bb0305], [@bb0310]; [@bb0315],[@bb0320]; [@bb0065]; [@bb0255]; [@bb0350]; [@bb0215]; [@bb0145]; [@bb0150]; [@bb0200]; [@bb0365]; [@bb0015]). While most toxicogenomic studies have used a retrospective approach to examine the correlation between transcriptomic derived PODs with those derived from chronic animal studies, our study represents a case in which the hazard (tumorogenesis) is known, the MoA is poorly understood, and there is insufficient information to derive a POD. We show that toxicogenomic evaluation of acetamide can be used to identify a reference point for use in risk assessment that is also consistent with PODs for apical effects, *i.e.*, cell proliferation.

2. Materials and methods {#s0010}
========================

2.1. Animals and treatment {#s0015}
--------------------------

The studies were conducted in an AAALAC accredited laboratory. For all experiments rats were acclimated for 5 days at 22 ± 3 °C with relative humidity of 30--70% and a 12 hours light:dark cycle at Eurofins Advinus Limited (Bengaluru, Karnataka, India). After acclimation, rats were randomly assigned to experimental groups using Provantis software (8.7.3, Instem LSS, Staffordshire ST15OSD, United Kingdom) for housing in sterilized polysulfone cages with stainless steel top grills with 2 rats per cage. Animals were fed Teklad Certified (2014C/2018C) Global 14%/18% Protein Rodent Maintenance Diet (Envigo, WI) and had access to water and food *ad libitum*. All procedures were performed in compliance with the guidelines provided by the Committee for Purpose of Control and Supervision of Experiments on Animals (CPCSEA) India, and were approved by the Institutional Ethics Committee (IAEC) of Eurofins Advinus Limited. Final reports are deposited in the open access Harvard Dataverse repository (dataverse.harvard.edu/dataverse/acetamide).

Experiment A was a dose range finding study in male Wistar Rats (Envigo, Israel; *N* = 6) aged 9--10 weeks orally gavaged daily with 30, 100, 300, or 1000 mg/kg/day (mkd) acetamide or water vehicle control (10 mL/kg) for 7 days. Male rats, the most sensitive sex for cancer ([@bb0160]) were used in this experiment. On day 8, following an overnight fast, animals were anesthetized under isoflurane and blood collected from the retro orbital plexus into tubes containing K~2~EDTA. Plasma was obtained by centrifugation at 5000 rpm at 2--8 °C for 5 min within 30 min of collection. Upon sacrifice, livers were weighed, and a sample (20--30 mg) of the left lobe was snap frozen in liquid nitrogen and stored at −70 °C for RNA-seq analysis. Other samples were fixed in 10% neutral buffered formalin (NBF) for histological evaluation. [Supplementary Table S1](#ec0010){ref-type="supplementary-material"}, [Supplementary Table S2](#ec0015){ref-type="supplementary-material"} provide a complete list of tissues/endpoints weighed and/or collected. For urine collection, rats were individually housed in specially fabricated cages for 3--4 h with free access to water.

Experiment B was based on results from Experiment A and included male and female Wistar rats (Charles Rivers Laboratories, USA; N = 6) aged 8--10 weeks gavaged daily with 300, 500, 750, 1000 or 1500 mkd acetamide or water vehicle control (10 mL/kg) for 7 or 28 days. On days 8 and 29, 24 h following administration of the final dose, plasma, urine, and tissue samples were collected as described for experiment A. Animals were euthanized in a randomized sequence to minimize impact of circadian rhythmicity. Experiment B included a satellite treatment group consisting of 3 rats which were intraperitoneally injected with 5-bromo-2′-deoxyuridine (BrdU; 50 mg/kg) 5 consecutive days prior to sacrifice. Due to clear evidence that BrdU administration influenced cell proliferation endpoints (*e.g.*, increased Ki67 labeling \~3-fold in all groups including vehicle; [Fig. S1](#ec0005){ref-type="supplementary-material"}), these are not discussed further but data is provided with the final study reports ([dataverse.harvard.edu/dataverse/acetamide](http://dataverse.harvard.edu/dataverse/acetamide){#ir0005}).

2.2. Hematology, clinical chemistry, & urinalysis {#s0020}
-------------------------------------------------

Hematological parameters were determined using an ADVIA 2120i hematology system (Siemens Healthcare Diagnostics Inc., NY, USA). For coagulation evaluation, samples were centrifuged at 2500 ×*g* for 10 min and analyzed using the Start Max/ Start-4 coagulation analyzer (Diagnostica stago, 92,600 Asnieres, France). Clinical chemistry parameters were measured using a Dimension RxL MaX Clinical Chemistry System (Dade Behring Inc. Newark, DE, USA) or Roche/Hitachi 902 (Hitachi High-Technologies Corporation, Tokyo, Japan). Urine volume was manually recorded, and microscopically evaluated for crystals, epithelial cells, erythrocytes, leukocytes, and casts. Urine parameters were measured by refractometry (Refractometer-PAL-10S, Atago Co., Ltd. Japan), Multistix 10 SG strips with Clinitek status analyzer (Bayer Healthcare LLC, UK), or Clinitek Advantus analyzer (Siemens Healthcare Diagnostics Inc., USA).

2.3. Immunohistochemistry {#s0025}
-------------------------

Formalin-fixed paraffin embedded liver sections (4--5 μm) were stained with Mayer\'s Hemotoxylin and Eosin. The mitotic index was determined by calculating the percent of hepatocytes in mitosis in 10 randomly selected 40× fields for a total of 3000 total hepatocytes. Liver sections were also stained for Ki67 using anti-Ki67 \[SP6\] antibody (Abcam; ab16667) at a 1:200 dilution and detected using biotinylated secondary goat anti-rabbit IgG (Vector Lab; PK-6101) at a 1:1000 dilution. An animal matched intestinal section was used as positive control. The Ki67 labeling index was determined by counting the number of positive and total hepatocytes in 10 randomly selected 40× fields similarly to the mitotic index for a total of 3000 hepatocytes.

2.4. Benchmark dose-response modeling of apical markers {#s0030}
-------------------------------------------------------

PODs for apical markers (*e.g.*, cell proliferation and hepatocyte damage) were assessed by benchmark dose-response modeling in accordance with the European Food Safety Authority guidelines ([@bb0185]) using the PROAST software (v66.16; <https://www.rivm.nl/en/proast>). We used the benchmark dose approach as it is now widely used by regulators to derive safe doses due to its advantages compared to other strategies such as the estimation of the no-observed-adverse-effect levels ([@bb0175]). Complete reports of BMD analyses are available in our Harvard Dataverse repository ([dataverse.harvard.edu/dataverse/acetamide](http://dataverse.harvard.edu/dataverse/acetamide){#ir0020}). Time-point and sex were used to generate a single covariate named "study" and a benchmark response (BMR) of 10% was selected considering the effect size and within-group variation ([@bb0295]). The BMDL~10~ and BMDU~a10~ for exponential and Hill family models were estimated as the lower and upper limits on the BMD 90% confidence interval, respectively, and the reported BMDL~10~ represents the lowest of the two model families. The PROAST software following EFSA guidance documents was used due to its capability of incorporating covariates.

2.5. Total RNA isolation and sequencing {#s0035}
---------------------------------------

Total RNA from the left liver lobe was isolated using the Maxwell RSC Simply RNA Tissue Kit (Promega, LOC). RNA was quantitated using the Qubit Broad Range Assay Kit (ThermoFisher, US), and quality was determined using the Agilent 4200 TapeStation. Libraries were prepared using the TruSeq Stranded mRNA Library Preparation Kit (Illumina, US) and were quantitated by Qubit (ThermoFisher) and assessed for quality by TapeStation (Agilent, US). Libraries were sequenced for 75 bp single-end reads at a depth of \~30 M/sample using the NextSeq 500 (Illumina).

RNA-seq reads were assessed for quality using FASTQC ([www.bioinformatics.babraham.ac.uk/projects/fastqc/](http://www.bioinformatics.babraham.ac.uk/projects/fastqc/){#ir0025}) and trimmed using Trimmomatic ([@bb0075]) to remove the leading 7 bp and trailing 3 bp. Any reads \<50 bp were rejected. Trimmed reads were aligned to the UCSC Rn6 indexed *Rattus norvegicus* reference genome using BowTie2 ([@bb0225]). The number of reads mapping to Rn6 gene models was counted using HTSeq ([@bb0025]). Gene counts were analyzed for differential expression in R (v.3.4.3) using DESeq2 (v.1.20.0) ([@bb0230]). A \|fold change\| ≥ 1.5 and FDR ≤ 0.05 threshold criteria was used to identify differentially expressed genes (DEGs). Raw reads and gene counts are deposited in the Gene Expression Omnibus (GEO; [GSE132815](ncbi-geo:GSE132815){#ir0030}).

2.6. Transcriptomics functional enrichment and dose-response modeling {#s0040}
---------------------------------------------------------------------

MoAviz software looked at statistical over-representation analysis of DEGs among Biological Processes from the Gene Ontology consortium ([www.geneontology.org](http://www.geneontology.org){#ir0035}) ([@bb0235], [@bb0240]; [@bb0270]). Enrichr and the ChEA database, derived from publicly available ChIP-seq, ChIP-chip, and gene expression profiling data ([@bb0220]), were used for transcription factor regulation predictions for the 500 genes with largest fold changes ([@bb0220]; [@bb0210]).

Benchmark dose-response modeling of expression data was performed using BMDExpress2 ([@bb0275]). Briefly, each gene was fit to Hill, power, linear, and polynomial (second- and third-degree) dose response models and the best fit model was identified using a hierarchical approach as outlined in the study report ([dataverse.harvard.edu/dataverse/acetamide](http://dataverse.harvard.edu/dataverse/acetamide){#ir0040}). Only genes with a raw sequence count \>0 in all replicates and doses were considered to avoid bias in model fitting and linear models excluded. A BMR of 1.349 standard deviations, equivalent to a 10% change relative to control expression, and the 95% lower (BMDL~t~) and upper (BMDU~t~) confidence limits, were used for analysis of the transcriptomic data. Poor gene model fits were further filtered by excluding models with a goodness of fit *p*-value ≤ .1, a BMDU/BMDL ratio ≥ 40, a BMD value \> than the highest tested dose, and a \|fold change\| \< 1.5. Genes passing filtering criteria were subsequently matched to ontology elements and pathway/functional enrichment was determined when Fisher\'s exact test *p*-value ≤ .1 and membership ≥10 genes. 13 different pathway-agnostic and pathway-based approaches, outlined in [Table S3](#ec0020){ref-type="supplementary-material"}, were used to aggregate genes for the estimation of POD to evaluate robustness of estimates as previously demonstrated ([@bb0145]).

Additionally, we used a novel approach of identifying the dose at which a single gene is expected to reach a specific effect size to provide weight of evidence to other POD estimates. Unlike benchmark dose-response modeling, this approach looks for the dose at which a single occurrence is observed rather that where it departs significantly from the control value. The number of DEGs with *K*-fold change were fit with a corresponding Hill dose-response model of the form Count = 1000/\[1 + (*d*50/Dose)\^*n*\] estimating Hill exponent *n* and slope parameter *d*50, by iteratively re-weighted regression using inverse variance weights assuming Poisson-distributed count weights. The dose D1 at which less than a single gene is predicted to be differentially expressed was used as analogous to BMD. The BMDL analog is then the lower 1-tail 95% confidence bound (D1\*) on D1. Each D1\* value was calculated by simulating each *K*-specific data set assuming Poisson error about the corresponding fit obtained at each dose and *K*-value using the inverse of the original three fitted responses as corresponding sets of weights. The weighted fit to each set of simulated responses is then inverted to solve for dose D1 at which response is predicted to be 1, and a set of 10,000 such D1 estimates is then sorted and its 5th percentile value is taken to estimate D1\*. This analysis was performed in *Mathematica*® 11.3 (Wolfram Research, Champaign, IL) as documented in supplemental materials.

2.7. Statistical evaluations {#s0045}
----------------------------

Data for animal studies was collected using Provantis (Instem, Staffordshire, UK) and statistically analyzed using built-in functions or the excel SYSTAT statistical package (v.12.0; Systat Software Inc., San Jose, CA, USA). Prior to running tests, data were evaluated for normality using the Shapiro-Wilk test and homogeneity of variances by Levene\'s method. Non-normally distributed or heteroschedastic data were appropriately transformed. All endpoints except gene expression were tested by one-way ANOVA followed by Dunnett\'s *post-hoc* test. Differences were considered significant when *p* ≤ .05. Fisher exact test for enrichment of individual gene lists was performed in R (3.4.1; [www.r-project.org/](http://www.r-project.org/){#ir0050}). Multiple testing corrections were not used to assess significance -- a practice consistent with standard rodent bioassay evaluations.

3. Results {#s0050}
==========

3.1. Dose-range finding study {#s0055}
-----------------------------

Previous acetamide bioassays have examined carcinogenesis at high doses (≥1000 mkd). Our dose range finding study (experiment A) was performed using 30, 100, 300 and 1000 mkd acetamide administered by daily gavage for 7 days. The study found no treatment-related changes in any of the measured endpoints at doses ≤300 mkd ([Table S1](#ec0010){ref-type="supplementary-material"}). At 1000 mkd there was a decrease in absolute (25%) and relative liver weight (20%) ([Table 1](#t0005){ref-type="table"}). Histology identified increased single-cell necrosis, minimal hepatocyte vacuolation, and a 4.2-fold increase in the Ki67 labeling index in the liver at 1000 mkd ([Table 2](#t0010){ref-type="table"}). It is important to note that the term "single cell necrosis" has come under a re-examination in pathology evaluations since the pathology seen is more consistent with apoptosis ([@bb0140]). The observed "single cell necrosis" in the current study showed hepatocytes with cytoplasmic and nuclear condensation and nuclear fragmentation. The plasma membrane was intact and there was no observed inflammation. This is consistent with an apoptotic *versus* a necrotic pathway. Treatment also increased plasma ALT (2.2-fold), AST (2.0-fold), ALP (1.6-fold), and total bilirubin (1.4-fold), and decreased plasma triglycerides 1.5-fold ([Table 3](#t0015){ref-type="table"} and [Table S1](#ec0010){ref-type="supplementary-material"}). Absence of effects at low doses was consistent with negligible differential gene expression at doses ≤300 mkd, while 2685 genes were differentially expressed at 1000 mkd ([Table 4](#t0020){ref-type="table"}). Consequently, 300 mkd was determined to be the no-observed-effect level (NOEL) and was therefore used as the lowest dose in the second experiment (experiment B). The remainder of the manuscript focuses on this second experiment.

3.2. Gross pathology & histopathology {#s0060}
-------------------------------------

Daily gavage of acetamide for 28 days did not affect terminal fasting body weight or body weight gain in either sexes or any dose group up to the highest tested dose of 1500 mkd ([Table 1](#t0005){ref-type="table"}). No clinical signs, mortalities, or changes in food and water consumption were observed in any of the groups. An 11% decrease in relative liver weight was seen in male rats at 1500 mkd acetamide on day 8. There was also a 30% decrease in female adrenal gland weights at 1500 mkd on day 8 but not day 29, as well as a 50% decrease in male thymus weight at 1500 mkd on day 29 which was not significant when normalized to body weight ([Table S2](#ec0015){ref-type="supplementary-material"}). These responses were inconsistent and do not appear to be related to treatment.

H&E stained sections revealed single-cell necrosis categorized as "minimal", and vacuolization in both male and female livers with neither feature exhibiting zonal distribution ([Fig. 1](#f0005){ref-type="fig"}). Again as noted above the histopathologic term "single cell necrosis" in the present study could be better classified as apoptosis. The Ki67 labeling index increased 2.1-fold in 1500 mkd treated males on day 8, and 3.3-fold at 1500 mkd for male rats on day 29 ([Table 2](#t0010){ref-type="table"}). In one 1500 mkd treated male rat (Rv2655), Ki67 was induced \~5-fold higher than all other rats (37.5% *vs.* 7.5%). Grubb\'s test identified it as an outlier and there were no increases in other liver injury related endpoints (ALT, AST, Mitotic Index, liver weight) for this animal. In females, the Ki67 labeling index increased at doses ≥750 mkd up to 3.0-fold and 2.6-fold at days 8 and 29 days, respectively ([Table 2](#t0010){ref-type="table"}). While a dose-dependent increase was observed at day 29, Ki67 labeling at day 8 was not dose-dependent with a 3.0-, 3.0-, and 2.3-fold increase at 750, 1000, and 1500 mkd, respectively.Table 1Changes in body and tissue weights in Wistar rats following daily oral gavage with acetamide.Table 1Dose (mg/kg/day)Terminal fasting body weight (g)Liver weight (g)Relative liver weight (% Body Weight)Experiment AMales, day 80314.9 ± 8.29.77 ± 0.373.10 ± 0.0930316.3 ± 10.010.17 ± 0.263.22 ± 0.06100313.7 ± 9.59.48 ± 0.353.02 ± 0.07300313.0 ± 9.39.71 ± 0.493.10 ± 0.101000293.7 ± 6.5▼7.29 ± 0.24[a](#tf0005){ref-type="table-fn"}▼2.48 ± 0.08[a](#tf0005){ref-type="table-fn"}  Experiment BMales, day 80294.3 ± 13.59.00 ± 0.503.06 ± 0.09300298.7 ± 8.19.23 ± 0.333.10 ± 0.12500301.9 ± 8.98.70 ± 0.412.88 ± 0.08750301.3 ± 6.79.00 ± 0.332.99 ± 0.071000305.4 ± 10.18.98 ± 0.372.94 ± 0.071500295.7 ± 6.38.04 ± 0.31▼2.72 ± 0.06[a](#tf0005){ref-type="table-fn"}Males, day 290389.8 ± 9.111.23 ± 0.572.88 ± 0.10300384.7 ± 14.011.44 ± 0.452.98 ± 0.09500375.6 ± 12.410.76 ± 0.522.86 ± 0.09750379.2 ± 14.910.67 ± 0.512.81 ± 0.071000383.8 ± 14.19.86 ± 0.432.57 ± 0.091500362.3 ± 10.59.89 ± 0.342.73 ± 0.09Females, day 80207.6 ± 4.06.05 ± 0.272.91 ± 0.11300210.5 ± 5.76.18 ± 0.282.93 ± 0.09500207.3 ± 4.35.69 ± 0.272.74 ± 0.09750204.3 ± 4.15.69 ± 0.182.78 ± 0.041000201.0 ± 4.45.59 ± 0.302.78 ± 0.121500202.5 ± 5.15.92 ± 0.282.92 ± 0.08Females, day 290245.2 ± 9.76.46 ± 0.342.63 ± 0.07300236.2 ± 5.46.35 ± 0.142.69 ± 0.07500235.8 ± 9.76.27 ± 0.262.66 ± 0.05750234.5 ± 6.45.90 ± 0.202.52 ± 0.071000231.8 ± 7.15.67 ± 0.172.45 ± 0.061500224.8 ± 5.15.91 ± 0.102.63 ± 0.05[^1]Table 2Histological evaluation of livers from Wistar rats following daily oral gavage with acetamide.Table 2Histopathology (incidence in 6 rats)Cell proliferationDose (mg/kg/day)VacuolationMononuclear cell infiltrationSingle-cell necrosisKi67 labeling index (%)[a](#tf0010){ref-type="table-fn"}MinimalMildModerateMinimalMinimalMildExperiment AMales. Day 800000005.89 ± 1.0130000000▼2.93 ± 0.65[b](#tf0015){ref-type="table-fn"}100000000▼2.56 ± 0.46[b](#tf0015){ref-type="table-fn"}3000000004.31 ± 0.701000500032▲24.62 ± 3.58[b](#tf0015){ref-type="table-fn"}  Experiment BMales, day 800000002.81 ± 1.753001210002.42 ± 1.425002101003.16 ± 1.427501000004.15 ± 1.8410001002104.26 ± 1.691500110040▲5.93 ± 1.45[b](#tf0015){ref-type="table-fn"}Males, day 2900010003.14 ± 0.763000010002.38 ± 0.755003201003.72 ± 0.877501200003.87 ± 0.8610001000204.19 ± 0.711500202120▲10.31 ± 13.35[b](#tf0015){ref-type="table-fn"}Females, day 800001001.18 ± 0.443000000001.58 ± 1.195000000001.87 ± 0.91750000000▲3.53 ± 1.74[b](#tf0015){ref-type="table-fn"}1000200020▲3.51 ± 1.75[b](#tf0015){ref-type="table-fn"}1500300040▲2.73 ± 0.64[b](#tf0015){ref-type="table-fn"}Females, day 2900001002.23 ± 0.813000000002.66 ± 1.115000000002.75 ± 0.64750000000▲4.09 ± 0.28[b](#tf0015){ref-type="table-fn"}1000100010▲4.58 ± 1.14[b](#tf0015){ref-type="table-fn"}1500400040▲5.69 ± 0.95[b](#tf0015){ref-type="table-fn"}[^2][^3]Table 3Changes in plasma clinical chemistry in Wistar rats following daily oral gavage with acetamide.Table 3Dose (mg/kg/day)AST (U/L)ALT (U/L)Total bilirubin (μM)Total cholesterol (mM)Triglycerides (mM)Experiment AMales, day 8076.67 ± 3.8857.00 ± 4.463.22 ± 0.222.15 ± 0.111.29 ± 0.103066.17 ± 3.9256.67 ± 3.842.89 ± 0.192.28 ± 0.151.51 ± 0.1610069.67 ± 1.8452.83 ± 4.193.25 ± 0.181.93 ± 0.111.13 ± 0.19300▲78.67 ± 7.02[a](#tf0020){ref-type="table-fn"}▲58.83 ± 4.45[a](#tf0020){ref-type="table-fn"}▼2.17 ± 0.35[a](#tf0020){ref-type="table-fn"}2.25 ± 0.130.81 ± 0.141000▲167.83 ± 25.70[a](#tf0020){ref-type="table-fn"}▲114.67 ± 12.94[a](#tf0020){ref-type="table-fn"}4.61 ± 0.822.44 ± 0.09▼0.68 ± 0.12[a](#tf0020){ref-type="table-fn"}  Experiment BMales, day 8079.17 ± 2.3042.83 ± 2.232.94 ± 0.182.22 ± 0.110.68 ± 0.1030073.83 ± 4.8143.00 ± 5.472.92 ± 0.242.11 ± 0.250.79 ± 0.1850077.00 ± 1.4447.50 ± 2.73.18 ± 0.142.68 ± 0.140.79 ± 0.1075078.00 ± 2.2152.67 ± 3.32.92 ± 0.252.48 ± 0.090.65 ± 0.09100080.67 ± 4.4555.00 ± 6.772.73 ± 0.392.75 ± 0.120.82 ± 0.121500▲99.67 ± 4.70[a](#tf0020){ref-type="table-fn"}55.67 ± 5.712.99 ± 0.232.72 ± 0.150.97 ± 0.13Males, day 29074.67 ± 4.3644.00 ± 2.412.24 ± 0.271.95 ± 0.120.45 ± 0.0730074.50 ± 5.2543.33 ± 1.582.25 ± 0.282.24 ± 0.170.41 ± 0.0350077.33 ± 5.4547.50 ± 2.262.88 ± 0.382.10 ± 0.210.43 ± 0.0675063.33 ± 3.7841.33 ± 2.292.89 ± 0.302.31 ± 0.130.55 ± 0.10100093.00 ± 8.7255.17 ± 6.333.03 ± 0.342.27 ± 0.080.51 ± 0.12150096.67 ± 14.79▲63.33 ± 8.77[a](#tf0020){ref-type="table-fn"}3.62 ± 0.852.70 ± 0.290.46 ± 0.07Females, day 8083.17 ± 3.5040.67 ± 1.382.80 ± 0.142.79 ± 0.130.98 ± 0.2730090.83 ± 1.8340.67 ± 2.633.25 ± 0.492.66 ± 0.081.44 ± 0.2450094.33 ± 9.0541.67 ± 2.563.49 ± 0.292.58 ± 0.110.94 ± 0.1375088.00 ± 3.7043.83 ± 2.333.16 ± 0.312.95 ± 0.141.13 ± 0.171000101.00 ± 6.85▲51.17 ± 2.56[a](#tf0020){ref-type="table-fn"}2.90 ± 0.372.67 ± 0.060.67 ± 0.14150095.67 ± 2.82▲55.33 ± 4.32[a](#tf0020){ref-type="table-fn"}2.91 ± 0.222.99 ± 0.170.79 ± 0.16Females, day 29080.50 ± 5.1841.67 ± 3.682.55 ± 0.182.50 ± 0.130.41 ± 0.0430079.17 ± 4.7136.83 ± 2.023.04 ± 0.332.33 ± 0.070.56 ± 0.0650087.00 ± 9.3738.00 ± 2.523.27 ± 0.472.54 ± 0.090.50 ± 0.04750101.17 ± 16.6844.00 ± 2.463.59 ± 0.482.52 ± 0.110.62 ± 0.08100093.67 ± 6.2347.83 ± 3.77▲3.61 ± 0.22[a](#tf0020){ref-type="table-fn"}2.40 ± 0.110.59 ± 0.101500136.83 ± 30.3286.67 ± 31.79▲4.88 ± 1.00[a](#tf0020){ref-type="table-fn"}2.98 ± 0.340.53 ± 0.09[^4]Table 4Differential gene expression (\|fold change ≥1.5 & FDR ≤ 0.05) in Wistar rats following daily oral gavage with acetamide.Table 4Regulation directionDose (mkd)3010030050075010001500All dosesExperiment AMales, day 8Up001----1717--2685Down000----968--  Experiment BMales, day 8Up----0000129176Down----010047Males, day 29Up----11622223941110Down----121237418341Females, day 8Up----061461679261485Down----11798080Females, day 29Up----05210935212021814Down----0648109478Fig. 1Representative photomicrographs of histological changes (H&E) and Ki67 labeling in livers of acetamide treated rats. Livers of female rats gavaged daily for 28 days are shown. Arrows indicate cells characterized as undergoing single-cell necrosis or apoptosis. Scale bar = 50 μm for H&E stained sections and 100 μm for Ki67 labeled sections.Fig. 1

3.3. Hematology, urinalysis, & clinical chemistry {#s0065}
-------------------------------------------------

[Supplementary Table S1](#ec0010){ref-type="supplementary-material"}, [Supplementary Table S2](#ec0015){ref-type="supplementary-material"} summarize the hematology, clinical chemistry, and urinalysis endpoints. Only plasma aspartate aminotransferase (AST), alanine aminotransferase (ALT), and total bilirubin (T.Bil) showed treatment related effects in experiment B ([Table 3](#t0015){ref-type="table"}). ALT was increased up to 1.4-fold at the highest dose in females at day 8 and males at day 29. The highest dose in other treatment groups similarly caused a non-significant 1.3- and 2.1-fold increase in plasma ALT in males at day 8 and females at day 29, respectively. It should be noted that these fold-changes in serum ALT are small compared to many hepatotoxicants ([@bb0295]). Conversely, AST only increased 1.3-fold in males at 8 days at 1500 mkd, though 1.2- to 1.7-fold increases were observed in the other treatment groups. Increased total bilirubin was only observed at ≥1000 mkd in females at 29 days. Small changes in red cell distribution width (RDW), hypochromic cells (Hypo), red blood cell ghosts (RBC Ghosts), eosinophils, activated partial thromboplastin time (APTT), glucose, alkaline phosphatase (ALP), Albumin (Alb), hemoglobin (HBG), and hematocrit (HCT) were also observed, but not considered to be treatment related as they were either not dose-dependent, within historical control levels, or inconsistent between experimental groups.

3.4. Apical BMD (BMD~10~) modeling {#s0070}
----------------------------------

Ki67 labeling in female rats, the most sensitive apical marker with a lowest-observed-effect level (LOEL) of 750 mkd ([Table 2](#t0010){ref-type="table"}), was used for benchmark dose-response modeling in accordance with EFSA guidelines ([@bb0185]). The small increases in ALT were also modeled to support the Ki67 BMD estimates. While large increases in ALT is a marker of hepatocyte damage, small increases are often observed with compounds which promote cell proliferation ([@bb0180]). Time and sex were combined as a variable termed "study" and used as covariates. Due to low Ki67 labeling in females on day 8, lack of dose response at doses ≥750 mkd, and unequal variance (Bartlett\'s test *p* = .04), this dataset was excluded from BMD modeling. The outlier rat (Rv2655) was also excluded. Dose-response modeling of the Ki67 labeling index calculated a BMDL~10~ of 190 mkd and BMDU~10~ of 497 mkd with a confidence interval (BMDU/BMDL) of 2.6 using the minimum and maximum values for both exponential and Hill family models ([Fig. 2](#f0010){ref-type="fig"}A). The ALT BMDL~10~ and BMDU~a~ were 393 and 933 mkd, respectively, with a confidence interval of 2.4 ([Fig. 2](#f0010){ref-type="fig"}B).Fig. 2Benchmark dose-response modeling of apical endpoints (A) Ki67 labeling index (Ki67-LI) and (B) plasma ALT. Best fitted model for exponential (left panel) and Hill (right panel) model families were determined based on the lowest Akaike Information Criterion (AIC) using PROAST v66.16 in R. Red triangles represent mean values and whiskers show confidence interval. Dose is plotted on a log10-scale while the level of the control sample is placed at an arbitrary level lower than the lowest dose on the log-transformed x-axis, denoted by blue circles. The critical effect dose (CED, equivalent to BMD) and its lower and upper confidence limits (CEDL and CEDU, respectively, equivalent to BMDL and BMDU) were determined at a critical effect size (equivalent to BMR) or 10%.Fig. 2

3.5. Gene expression changes {#s0075}
----------------------------

RNA-Seq analysis identified 2685 differentially expressed genes in the male rat dose range finding study (*experiment A*), all of which are differentially expressed at the highest dose (1000 mkd). Only *Hebp2* was also differentially expressed at a lower dose, showing up-regulation at 300 and 1000 mkd ([Table S4](#ec0025){ref-type="supplementary-material"}). In *experiment B,* 176 and 485 differentially expressed genes (DEGs; \|fold change\| ≥ 1.5 & FDR ≤ 0.05) were identified in acetamide-treated male and female rats on day 8, respectively, while 1110 and 1814 DEGs were identified in male and female rats on day 29, respectively ([Table 4](#t0020){ref-type="table"}; [Supplementary Table S5](#ec0030){ref-type="supplementary-material"}, [Supplementary Table S6](#ec0035){ref-type="supplementary-material"}, [Supplementary Table S7](#ec0040){ref-type="supplementary-material"}, [Supplementary Table S8](#ec0045){ref-type="supplementary-material"}). *Acot1* was among the most upregulated genes in both sexes and time-points (ranked 1 (4.94-fold), 15 (3.40-fold), 2 (5.06-fold), and 6 (4.55-fold) in males day 8, females day 8, males day 29, and females day 29, respectively) while *Ifit1* was the most induced in both sexes at 28 days (7.0- and 7.6-fold in males and females, respectively). Collectively, the magnitude of fold changes elicited by acetamide exposure was modest, where only 20% of differential expression at the highest dose of acetamide (1500 mkd) at day 29 was above 3-fold for both sexes and 50% between 1.5- and 2-fold ([Fig. S1](#ec0005){ref-type="supplementary-material"}).

Comparative assessment of DEGs from *experiment B* found a total of 61 DEGs common to all time-points and sexes. However, reducing the \|fold change\| and FDR criteria for the union of these 2726 genes (1.4 and 0.1, respectively) increased the overlap to 107, suggesting many genes approach the threshold criteria ([Fig. 3](#f0015){ref-type="fig"}A). Of the 61 genes common to all sexes and time-points, 58 were also differentially expressed in *experiment A* ([Fig. 3](#f0015){ref-type="fig"}B). The three genes (*Cenpw*, *Chek2*, and *Parpbp*) that did not overlap narrowly missed threshold criteria ([Supplementary Table S4](#ec0025){ref-type="supplementary-material"}, [Supplementary Table S5](#ec0030){ref-type="supplementary-material"}, [Supplementary Table S6](#ec0035){ref-type="supplementary-material"}, [Supplementary Table S7](#ec0040){ref-type="supplementary-material"}, [Supplementary Table S8](#ec0045){ref-type="supplementary-material"}). Cluster analysis of the union of all DEGs at the highest dose in any treatment group (2152 genes) from *experiment B* exhibited similar expression profiles across treatment groups ([Fig. 3](#f0015){ref-type="fig"}C), further suggesting that differences are due to the modest changes elicited by acetamide. Only three genes, *Cyp17a1* (induced in females, repressed in males), *Slc7a1* (induced in females, repressed in males), and *Prom1* (induced in males, repressed in females), exhibited discordant expression.

Functional enrichment analyses associated differential gene expression with cell cycle regulation and mitotic processes for induced genes which was consistent across all times and sexes ([Fig. 4](#f0020){ref-type="fig"}). Conversely, repressed genes were associated with metabolism of small molecules and amino acids. Enrichr ([@bb0220]) enrichment analysis associated transcriptional regulators E2F4, AR, MYBL1, KDM6A, and SOX2 with up-regulated genes while ESR1, RXR, PPARA, and LXR were associated with down-regulated genes ([Fig. 5](#f0025){ref-type="fig"}). These data suggest that acetamide exposure promotes cell cycle regulation and signaling, and represses various metabolic processes.Fig. 3Comparison of acetamide elicited gene expression changes across treatment durations and sexes in experiment B. (A) DEGs identified by normal criteria (\|fold change\| ≥ 1.5 & FDR ≤ 0.05) were compared across datasets, as well as the union of these 2726 genes using relaxed criteria (\|fold change\| ≥ 1.4 & FDR ≤ 0.1). (B) DEGs common to all time-points and sexes in experiment B were compared to the 2685 DEGs from experiment A. (C) Cluster analysis of the union of DEGs at 1500 mkd. Genes are shown along the y-axis with increasing acetamide doses along the x-axis. Log2 fold change values were centered by gene to highlight dose-, time-, and sex-related differences.Fig. 3Fig. 4Functional enrichment analysis of differentially expressed genes (\|fold change\| ≥ 1.5 & FDR ≤ 0.05) in Wistar rats gavaged daily with acetamide. MoAviz was used to evaluate over-representation in GO ontologies for (A) up-regulated and (B) down-regulated genes. Enriched GO ontologies conserved in all treatment groups (experiment B) is shown for up-regulated genes while those enriched in at least 2 treatment groups are shown for down-regulated genes as no GO ontologies were conserved in all treatment groups.Fig. 4Fig. 5Enrichr analysis using the ChEA 2016 datasets for the 500 most (A) up-regulated and (B) down-regulated DEGs (\|fold change\| ≥ 1.5 & FDR ≤ 0.05) following acetamide exposure. Only doses at which increased cell proliferation was observed are included, and datasets identified in multiple doses and/or sexes are shown.Fig. 5

3.6. Transcriptional BMD (BMD~t~) modeling {#s0080}
------------------------------------------

BMD modeling of transcriptomic data was performed using BMDExpress2. In *experiment A*, the best fit to 37.4 and 34.6% of the genes were with the exponential 2 and power models, respectively, consistent with differential expression only at the highest dose. In *experiment B,* the best fits to 23%--39% and 13%--21% of the DEGs were with the exponential 2 and Hill models, respectively. Transcriptional POD using median BMDL~t~ values were estimated using ontology agnostic and ontology-based approaches that produce concordant estimates with apical endpoints assessed in chronic animal bioassays ([@bb0300], [@bb0305], [@bb0310]; [@bb0315],[@bb0320]; [@bb0065]; [@bb0255]; [@bb0350]; [@bb0215]; [@bb0145], [@bb0150]; [@bb0200]; [@bb0365]; [@bb0015]). Additionally, transcriptional PODs were derived separately for induced and repressed genes -- the two groups that were clearly associated with distinct functions (cell cycle and metabolism, respectively).

Ontology agnostic PODs ranged from 210 mkd to 615 mkd across all experiments, treatment durations, and sexes ([Fig. 6](#f0030){ref-type="fig"}A). Though functionally distinct, there was no difference on the PODs for the 20 most induced (210--501 mkd) or repressed (250--477 mkd) genes. Similarly, ontology-based approaches demonstrated PODs ranging from 175 mkd to 637 mkd ([Fig. 6](#f0030){ref-type="fig"}B). Consistent with neither up- or down-regulated genes demonstrating different PODs, no clear difference was observed for the 20 most significant up or down-regulated regulators. When examining enriched pathways common to all datasets, the average median BMDL~t~ was 407 mkd. The 8 pathways common to all datasets included signal transduction, metabolism, metabolism of protein, immune system, post-translational protein modification, hemostasis, cell cycle, and mitotic cell cycle. Among these common enriched pathways, the most sensitive (post-translational protein modification, females day 8) had a POD of 167 mkd. Conversely, the pathways with the lowest median BMDL~t~ values in each dataset individually were metabolism of nucleotides (297 mkd, experiment A), hemostasis (385 mkd, males day 8), signaling by Rho GTPases (125 mkd, females day 8), PIP3/AKT signaling (120 mkd, males day 29), and signaling by VEGF (431 mkd, females day 29) ([Fig. 6](#f0030){ref-type="fig"}C). Most importantly, the median BMDL~t~ -- BMD~t~ -- BMDU~t~ ranges using any of these approaches either spanned the BMD~10~ confidence interval for Ki67 labeling index (190--497 mkd) or were above the BMDU~a~ demonstrating concordance between PODs. Furthermore, modeling of the dose at which a single gene was altered by 2-, 3-, 5-, or 10-fold found that the BMDL equivalent (D1\*) was 225, 270, 478, and 843 mkd, respectively ([Fig. 6](#f0030){ref-type="fig"}D).Fig. 6Estimation of acetamide's BMD confidence interval using dose-response modeling of differential gene expression. The median BMDL~t~ -- BMD~t~ -- BMDU~t~, shown in order as three points on a horizontal line, were derived using several (A) pathway agnostic and (B) pathway-based approaches. (C) The BMDL~t~ -- BMD~t~ -- BMDU~t~ range is also shown for the most sensitive pathway in each study, time-point, and sex. BMDt values were determined using BMDExpress2 as described in the materials and methods. The gray boxes represent the BMDLa to BMDUa range for the Ki67 labeling index. (D) The dose-dependent number of DEGs (\|fold change\| ≥ K & FDR ≤ 0.05) was modeled, and its lower 1-tail 95% confidence bound (D1\*, equivalent to BMDL) determined revealing D1\* values of 225, 270, 478, and 843 mkd for a K-fold change of 2, 3, 5, and 10, respectively.Fig. 6

4. Discussion {#s0085}
=============

In the risk assessment of chemicals, regulators often rely on PODs derived from chronic animal bioassays as a reference point to make an informed decision regarding acceptable levels of exposure. However, chronic assays are resource-intensive and expensive, and often fail to provide information regarding the MoA ([@bb0010]; [@bb0310]; [@bb0130]; [@bb0080]). Furthermore, while regulatory agencies have committed to evaluating priority chemicals ([@bb0050]; [@bb0145]), it is clear that the current risk assessment paradigm cannot keep pace with the numbers of chemicals that need testing. In response, alternative approaches have been explored including the application of toxicogenomics ([@bb0015]; [@bb0360]). In this study, we present a case scenario for the application of toxicogenomics in the risk assessment of acetamide.

4.1. Using toxicogenomics to derive a POD for use in risk assessment {#s0090}
--------------------------------------------------------------------

Deriving a POD from acute and subchronic toxicogenomic studies is an ongoing debate between sponsors, stakeholders, and regulatory agencies. To date, toxicogenomic efforts have largely used a retrospective approach where chemicals which have been well characterized in chronic studies are evaluated by toxicogenomic and these PODs are contrasted to those from traditional apical endpoints. These studies have demonstrated that transcriptomic PODs derived using various approaches are consistent with PODs derived from traditional end points such as cell proliferation and tumor formation ([@bb0300], [@bb0305], [@bb0310]; [@bb0315],[@bb0320]; [@bb0065]; [@bb0255]; [@bb0350]; [@bb0215]; [@bb0145], [@bb0150]; [@bb0200]; [@bb0365]; [@bb0015]). In this study, 18 different approaches to estimate acetamide\'s POD from transcriptomic data were used. We found that the transcriptomic PODs were consistent (±3.5-fold) with PODs for increased cell proliferation (Ki67 labeling index), an endpoint considered biologically relevant for the development of tumors. Consistent with an evaluation of 11 different approaches to derive transcriptional PODs for 6 different known rodent carcinogens ([@bb0145]), acetamide median BMDL~t~ estimates for the 20 pathways with the lowest BMD~t~ (175 mkd) and for 20 genes with the largest fold-changes (219 mkd) were very similar to the apical POD for cell proliferation of 190 mkd.

Most notable in the transcriptomic evaluation was up-regulation of genes associated with cell cycle and cell proliferation. Many non-genotoxic carcinogens promote tumorigenesis by increasing the number of cells through increased cell proliferation and/or a decrease in cell death (apoptosis). The upregulation of genes associated with cell cycle is consistent with the most sensitive apical marker, Ki67 labeling index, with a POD of 190 mkd. In a recent report from the U.S. National Toxicology Program (NTP) on the use of transcriptomic data for chemical safety evaluations, it was noted that transcriptional PODs will need to be linked to more standard measurements for use in risk assessment ([@bb0015]). In our study, two cell cycle related pathways were identified among the most sensitive conserved pathways, "cell cycle" and "mitotic cell cycle", which both had median BMDL~t~s of 185 mkd. The similarity of the POD estimates for both pathways is likely due to the redundancy in gene membership for these two ontologies. The similarity of the POD between both the apical marker and most sensitive conserved pathways suggests that a POD of 185--190 mkd may reflect the best estimate of the POD for acetamide. Further supporting the reliability of deriving a POD using this approach is the strong concordance of all other approaches where the BMDL~t~ -- BMDU~t~ range either fell within or above the Ki67 labeling index BMDL~t~ -- BMDU~t~ range. Collectively, the weight of evidence supports using the acute/subchronic apical marker POD of 190 mkd since it (i) can be anchored to the apical endpoint of cancer, (ii) is consistent with gene expression changes and their estimated PODs, and (iii) is supported by several other approaches for deriving a gene expression POD previously shown to be consistent with traditional toxicology assays.

4.2. Elucidation of acetamide\'s MoA {#s0095}
------------------------------------

In the current risk assessment paradigm, toxicogenomics data have largely been used to provide insights and weight of evidence on the chemical MoA ([@bb0360]). Our results demonstrate that acetamide increases cell proliferation which is consistent with the MoA for other non-genotoxic carcinogens ([@bb0100]). However, the molecular initiating and key events through which acetamide promotes mitogenesis remain unclear ([@bb0355]; [@bb0155]; [@bb0125]). To further examine acetamide\'s MoA, we explored whether gene expression changes were consistent with known rodent liver carcinogen MoAs ([@bb0095]) summarized in [Table 5](#t0025){ref-type="table"}.Table 5Evidence for acetamide\'s activity through known rodent liver carcinogen modes of action.Table 5CategoryMOA/KIEEvidenceGenotoxic/DNA reactiveNo evidence of genotoxicity based on literature and absence of gene expression changes related to p53 signaling.Non-genotoxic/non-DNA reactiveYes. By default since not genotoxic  Receptor mediated![](t1.gif)CAR (phenobarbital-like)Not enriched among DEGs. No induction of known targets (*e.g. Cyp2b, Cyp3a11*).![](t1.gif)AhR (dioxin-like)Not enriched among DEGs. No induction of known targets (*e.g. Cyp1a1, Cyp1a2*).![](t1.gif)PPAR alphaEnriched among down-regulated genes, contrary to carcinogens acting through this MoA.![](t1.gif)Steroid hormone receptorsNo evidence in DEGs. No evidence of endocrine disruption in the ToxCast screening database.  Non receptor mediated![](t2.gif)CytotoxicityApoptosis beginning at higher doses could promote regenerative proliferation.Cytotoxic *in vitro* at extremely high concentrations.![](t1.gif)Oxidative stress (OS)Modest modulation (up and down) of glutathione related genes, repression of *Nqo1*. Unlikely to promote oxidative stress.![](t1.gif)Immune /inflammation responseSome evidence of immune cell signaling (GCPR, Rho GTPase, FGCR, and PD-1). No inflammation in histopathological evaluation here or in chronic bioassays (ref).![](t1.gif)Fatty liver/SteatosisMinor vacuolation at high doses. No progression (steatohepatitis and fibrosis) in chronic bioassays (ref)

In agreement with *in vitro* and *in vivo* assays genotoxic ([@bb0250]; [@bb0245]; [@bb0265]; [@bb0110]; [@bb0260]), differential expression did not indicate genotoxicity when compared to results with known genotoxicants such as formaldehyde, naphthalene, chloroprene, and benzo\[*a*\]pyrene ([@bb0030], [@bb0035]; [@bb0315]; [@bb0090]; [@bb0255]). Although cell cycle related genes were induced, there was no evidence of p53 mediated DNA damage or oxidative stress pathways as found with genotoxic compounds ([@bb0345]). Consequently, mitogenic responses with acetamide may be mediated by receptor-mediated or by processes unrelated to these nuclear receptors ([@bb0195]; [@bb0095]; [@bb0105]; [@bb0205]; [@bb0330]; [@bb0335],[@bb0340]). Receptor-mediated carcinogenesis typically involves the activation of nuclear transcription factors -- such as CAR (constitutive androstane receptor), PPARα (peroxisome proliferator-activated receptor), AHR (aryl hydrocarbon receptor), ER (estrogen) or AR (androgen) receptors. However, functional enrichment analyses did not identify CAR-, AHR-, and AR-mediated activity. Curiously, the downregulated genes were highly enriched for binding by PPARα, ESR1 (ER), and LXR. Marker genes for CAR (*Cyp2b*, *Cyp3a11*) and AHR (*Cyp1a1*, *Cyp1a2*) were also unchanged by acetamide.

Possible non receptor-mediated MoAs for carcinogens include cytotoxicity, oxidative stress, immunotoxicity, and steatosis ([@bb0190]; [@bb0095]). In a toxicogenomics evaluation of hexabromocyclododecane in rats, 18 genes were proposed to identify cytotoxic carcinogens ([@bb0150]). Only 5 were differentially expressed by acetamide including *Akr1b8* (Females day 8 & 29; up to 7.8-fold), *Rnd1* (Females day 8 & 29; up to 2.8-fold), *Tes* (Females day 29, Males day 29; up to 2.0-fold), *Car3* (Females day 8; repressed up to 5.9-fold), and *S100a10* (Males day 29; up to 2.0-fold). A Fisher\'s exact test did not indicate significant enrichment (*p* = .19). However, apoptosis which is observed at higher doses, could be associated with regenerative proliferation in the liver as suggested for fuminosin B~1~ which may lead to tumorogenesis ([@bb0120]). Pathways related to oxidative stress were also not significantly enriched and known responsive genes were either repressed, such as *Nqo1* which was repressed 2.6-fold in females on day 29, or unchanged such as *Sod1*, *Sod2*, and *Gpx1*. *Gstp1* showed a 1.7-fold increase in males at 29 days, though this was only at the 1000 mkd dose. Despite enrichment of immune related pathways including G protein coupled receptors, Fc receptors, and PD-1 signaling, there was no evidence of immunotoxicity or inflammation ([@bb0115]; [@bb0355]; [@bb0155]). Although minimal lipid vacuolation was observed, lipid metabolism related genes were repressed. The absence of inflammation and minimal fat accumulation does not support the progression of steatohepatitis to fibrosis/cirrhosis, and eventually hepatocellular carcinoma as a possible MoA for acetamide ([@bb0115]; [@bb0355]; [@bb0155]).

While this study indicated that the MoA for acetamide is related to persistent mitogenic stimulation which precedes the occurrence of necrosis/apoptosis, it also highlighted differences between acetamide and other mitogenic compounds. For example, unlike other rodent carcinogens such as toxaphene ([@bb0330]) and 1,4-dichlorobenzene ([@bb0135]) that cause transient increases in cell proliferation and increased liver weight, acetamide-induced proliferation persisted throughout the 28-day study without any increase in absolute or relative liver weight. Absence of liver weight increase may be due to increased necrosis/apoptosis at higher doses. MAPK signaling was also enriched in BMD analyses which would be consistent with apoptosis.

Acetamide is an antidote to fluoroacetamide poisoning through competition for acetyl-CoA synthetase ([@bb0165]; [@bb0170]; [@bb0285]), and high-throughput screening detected inhibition of Histone Lysine Methyltransferase G9a activity (PubChem AID: 504332). Such interference with acetate/acetyl-CoA dependent enzymes at very high intracellular levels could potentially result in altered acetyl-CoA levels which can disrupt important cellular processes ([@bb0280]). High levels of acetate-like metabolites, for example, could lead to the suppression of metabolic processes controlled by PPAR, LXR, and RXR. The ability of arginine-glutamate to prevent cancer development in acetamide-treated rats also suggests that the urea, glutathione, and TCA cycle metabolic pathways may be affected by acetamide exposures, though studies have shown that arginine glutamate may simply act as an inhibitor of cell proliferation through induction of polyamine synthesis ([@bb2000]; [@bb0355]). The similarity in gene expression changes across time, sexes, and studies does imply specificity in a mitogenic MoA for acetamide.

5. Conclusions {#s0100}
==============

This study represents a use case scenario for the application of toxicogenomics in the risk assessment of the ubiquitous food contaminant and rodent carcinogen, acetamide. Our approach for the evaluation of acetamide was based on the numerous reports demonstrating that toxicogenomic data can be used to derive PODs which are consistent with apical responses seen in chronic bioassays. Such approaches have significant potential for reducing the time and costs for toxicity testing and health risk assessments while still ensuring protection of human health. Our study strongly supports a mitogenic cancer MoA for acetamide in the rat liver that differs from receptor-mediated mitogenic MoAs of other rodent carcinogens. This conclusion was supported by RNA-seq analysis which identified the enrichment of cell proliferation pathways and the more traditional evaluation of cell proliferation *via* the Ki67 labeling index. While this study has not unequivocally elucidated acetamide\'s MoA at the molecular level, the consistency of PODs derived for both transcriptional and apical markers suggests that transcriptomic derived PODs can be used to support risk assessment. This was emphasized by the concordance between the functional classification of DEGs, largely associated with cell cycle regulation, and the most sensitive apical endpoint, cell proliferation. Based on the weight of evidence from this study, we estimate a POD of 190 mkd for acetamide-induced rat liver carcinogenesis which may serve as reference point for formal risk assessment.

The following are the supplementary data related to this article.Supplementary Fig. S1Frequency distribution of absolute fold changes of genes differentially expressed (\|fold change\| ≥ 1.5 & FDR ≤ 0.05) in Wistar rats gavaged daily with acetamide. Fold changes from the highest dose group (1500 mkd) was used to calculate frequency, expressed as percent of DEGs.Supplementary Fig. S1Supplementary Table S1Raw data for individual rats in experiment A.Supplementary Table S1Supplementary Table S2Raw data for individual rats in experiment B.Supplementary Table S2Supplementary Table S3List of approaches for the estimation of the toxicogenomic POD.Supplementary Table S3Supplementary Table S4RNA-seq fold changes for experiment A.Supplementary Table S4Supplementary Table S5RNA-seq fold changes for male rats treated with acetamide for 7 days in experiment B.Supplementary Table S5Supplementary Table S6RNA-seq fold changes for male rats treated with acetamide for 28 days in experiment B.Supplementary Table S6Supplementary Table S7RNA-seq fold changes for female rats treated with acetamide for 7 days in experiment B.Supplementary Table S7Supplementary Table S8RNA-seq fold changes for female rats treated with acetamide for 28 days in experiment B.Supplementary Table S8
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[^1]: Significant difference (*P* ≤ .05) compared to vehicle control animals determined by one-way ANOVA and Dunnett\'s *post-hoc* test using Provantis.

[^2]: A total of 3000 hepatocytes were counted.

[^3]: Significant difference (*P* ≤ .05) compared to wild-type control determined by one-way ANOVA and Dunnett\'s *post-hoc* test.

[^4]: Significant difference (*P* ≤ .05) compared to wild-type control determined by one-way ANOVA and Dunnett\'s *post-hoc* test using Provantis.
